Purpose To study the retinal vessel oxygen saturation alterations in patients with autoimmune retinopathy (AIR) and patients with autoimmune retinopathy associated with retinitis pigmentosa (AIR-RP) in comparison with healthy controls and patients with isolated retinitis pigmentosa (RP). Design Prospective, cross-sectional, and non-interventional study. Subjects Retinal vessel oximetry (RO) was performed on a total of 139 eyes: six eyes suffering from AIR and four eyes with AIR-RP were compared to 59 healthy control eyes and to 70 eyes with RP. Methods A computer-based program of the retinal vessel analyser unit (IMEDOS Systems UG, Jena, Germany) was used to evaluate retinal vessel oxygen saturation. The mean oxygen saturation in the first and second branch retinal arterioles (A-SO 2 ) and venules (V-SO 2 ) were measured and their difference (A-V SO 2 ) was calculated. In addition, we measured the diameter of the retinal arterioles (D-A) and venules (D-V).
Introduction
Retinal vessel oximetry (RO) is a noninvasive method to determine the oxygen saturation of retinal arterioles and venules [1] [2] [3] [4] . In the retina, oxygen is a crucial metabolite for maintaining proper visual function [5, 6] . RO enables now to evaluate in vivo metabolic alterations of the retina [7, 8] .
In eyes suffering from retinitis pigmentosa (RP), recent studies have demonstrated a severe increase in retinal vessel saturation, when compared to healthy controls [9] [10] [11] [12] [13] [14] [15] . While these studies suggested RO to be a reliable and objective metabolic outcome measurement, it is proposed as a useful tool to support the monitoring of disease progression and to evaluate the success of future treatments in RP.
Autoimmune retinopathy (AIR) leads to a rapidly occurring photoreceptor dysfunction [16, 17] . Although, the molecular mechanisms are not yet clearly understood, AIR is supposed to be triggered by a cross-reaction between antigens expressed by the underlying tumor and retinal proteins [17] [18] [19] [20] . Careful assessing for clinical features similar to RP, as: subacute progressive visual deterioration, nyctalopia, scotomas and visual field defects, and clinical signs, as: retinal vascular attenuation, retinal pigment epithelium mottling or atrophic degenerative changes, waxy optic disc pallor or abnormalities in the electroretinogram, can help make the diagnosis of AIR [17, [21] [22] [23] [24] [25] [26] [27] .
To the best of our knowledge, there has been no previous investigation of the retinal oximetry values in patients with AIR. Even if RP and AIR are different clinical entities, both are associated with autoimmune antiretinal antibodies, which most likely play a pathologic role in the progression of outer retinal degeneration [28] . Therefore, in analogy to RP [9] [10] [11] [12] [13] [14] [15] , altered metabolic function is also expected to occur in patients with AIR. Furthermore, even if a rare case in daily clinical practice, already preexisting RP can be aggravated by AIR (AIR-RP) [28, 29] . Therefore, it is worth to further evaluate whether the metabolic function in patients with AIR and in patients with autoimmune retinopathy associated with retinitis pigmentosa (AIR-RP) share any different features.
Thus, the primary goal of this study is to evaluate retinal vessel oxygen saturation in patients with autoimmune retinopathy and patients with AIR-RP. The secondary goal of the study is to compare the metabolic findings of AIR and AIR-RP patients to those of healthy controls, as well as to patients with isolated RP, as a simple model for progressive outer receptor degeneration.
Methods
Prospective observational study of 5 patients suffering either from AIR (patients no. 1-3) or combined AIR and RP (AIR-RP; patients no. [4] [5] , 46 patients with isolated RP and 36 healthy controls were performed: all participants were examined from January 2015 until December 2016 in a single centre for ophthalmology (University of Basel, Department of Ophthalmology, Switzerland). This study was approved by the local authorities (Ethics Commission of Central and Northern Switzerland, EKNZ, Basel, Switzerland) with a positive vote for prospective observational investigations (trial number EKNZ BASEC 2016-01054).
Subjects
We recruited and investigated a total of six eyes of three patients diagnosed with isolated AIR, four eyes of two patients diagnosed with a combination of AIR and RP, 70 eyes of 46 patients with isolated RP and 59 eyes of 36 healthy controls. The clinical AIR and RP phenotype was built from the subjective signs, clinical, and electrophysiological findings are described in Table 1 and our supplemental document.
Apart from the diagnostic imaging and electrophysiology, we performed RO in our AIR and AIR-RP patients. The RO data of healthy controls and RP patients from our data bank were taken for comparison. Our RP patients' (30♀ and 16♂) age ranged from 20 to 60 years (40.7 ± 11.0, mean ± SD), and our controls' (22♀ and 16♂) age ranged from 29 to 74 years (45.9 ± 14.1, mean ± SD).
We determined the inclusion criteria for all AIR, AIR-RP patients, controls, and RP patients to be as follows: Caucasian origin, stable fixation, and refractive error of <6 diopters. Patients and controls who had previous ocular surgery or ocular and systemic pathology (as for instance, diabetes mellitus, or neurological disease) that may influence the RO data were not included in this study. Additional exclusion criteria were fundus oximetry imaging with inadequate quality, or an expressed unwillingness to participate in the study. The research procedures were carried out in accordance with institutional guidelines and the Declaration of Helsinki. Informed consent was obtained from all participants before the commencement of the examination.
All participants underwent detailed ophthalmic examination, which included among others refraction, bestcorrected visual acuity (Snellen charts), intraocular pressure examination by applanation, slit lamp examination, biomicroscopy, and fundoscopy.
Prior to RO measurements, both pupils were maximally dilated (Tropiphen 10 ml eye drops prepared in our institutional pharmacy as a combination of Tropicamide 0.5% and phenylephrine 1%).
RO acquisition and analysis
We used a spectrophotometric oximetry unit for RO (IME-DOS Systems UG, Jena, Germany; Fundus camera FF450, Carl Zeiss Meditec AG, Jena, Germany). Fundus images were recorded using a camera system, DCC Digital Camera KY-F75 (JVC Inc., Yokohama, Japan) coupled to the Zeiss fundus camera. Based on the differential light imaging characteristics at 610 nm ( ± 10 nm) and at 548 nm (±10 nm) wavelengths, the software operating the system (VISUALIS; IMEDOS Systems UG) differentiates simultaneously the oxygenated hemoglobin from the deoxygenated, measuring thus the oxygen saturation level in the examined retinal vessel. Four test-retest fundus images per eye were obtained [10, 11] . We evaluated the mean oxygen saturation (%) in almost all first and second branch retinal arterioles (A-SO 2 ) and venules (V-SO 2 ) within 0.5-1.0 optic disc diameters from the disc margin, and calculated their difference, the A-V SO 2 ( Fig. 1 ). In addition, we measured the diameter (µm) of the retinal arterioles (D-A) and venules (D-V).
Study endpoints were the mean arterial (A-SO 2 ), venular (V-SO 2 ) oxygen saturation, their difference (A-V SO 2 ), as well as the mean diameter of the retinal arterioles (D-A) and venules (D-V) determined by spectrophotometric oximetry. For statistical evaluation ANOVA-based linear mixedeffects model was performed (IBM SPSS Statistics®, Version 22.0.0.0), which allows taking the dependency of the left and right eye in the same subject into account and is suitable for repeated measurements. To predict the effect of the underlying disease on oximetry measurements, the eyeand the group effect were taken into account, where the eye and the group were treated as a fixed factor and the subject as a random factor. Results are presented as adjusted means and standard deviation (±SD) of all examined groups, with their corresponding mean differences and p-values. P < 0.05 was defined as statistically significant.
Results

Oximetry results
Comparison with healthy control eyes
In general, AIR patients (isolated AIR and AIR-RP) differed from controls, when the oxygen saturation parameters were taken into account (the A-SO 2 , V-SO 2 , and A-V SO 2 ). In controls, the mean ± SD A-SO 2 and V-SO 2 of the retina were measured at 93.91 ± 4.09% and 56.23 ± 6.45%, respectively ( Table 2 ). The mean ± SD A-V SO 2 in controls was 37.67 ± 5.75%. In patients with AIR and AIR-RP, the mean retinal A-SO 2 increased to 98.07 ± 1.90% (p = 0.073) and significantly to 100.40 ± 5.79% (p = 0.021). Correspondingly, the mean ± SD V-SO 2 levels increased significantly to 67.79 ± 6.87% (p < 0.001) and 72.24 ± 9.04% (p < 0.001), whereas the A-V SO 2 decreased significantly to 30.29 ± 7.38% (p = 0.024) and to 28.16 ± 10.98 % (p = 0.016).
Thus, an interesting finding in the present study is that the AIR and AIR-RP groups differed from the healthy controls, both showing significantly higher V-SO 2 values and significantly lower A-V SO 2 values.
Comparison with eyes suffering from RP
Consistent with the results of previous studies [9] [10] [11] [12] [13] [14] [15] , isolated RP differed from controls: the mean retinal A-SO 2 and V-SO 2 levels increased to 97.94 ± 6.41% (p < 0.001) and 62.20 ± 8.20% (p < 0.001) and the A-V SO 2 decreased to 35.73 ± 8.61% (p = 0.15) ( Table 2) .
The subgroup analysis revealed that the SO 2 values of patients with AIR and AIR-RP also differed from eyes suffering from RP: more precisely, the AIR-RP group showed a Fig. 1 Presents an example of a vessel map in a healthy control subject (a), in a patient with retinitis pigmentosa (b), in a patient with autoimmune retinopathy (c), and combined retinitis pigmentosa and autoimmune retinopathy (d). Oxygen saturation was measured in almost all first or second branch retinal arterioles and venules within 0.5-1.0 optic disc diameter distance from the optic disc margin slight increase in the A-SO 2 with a mean ± SD to 98.07 ± 1.90% (p = 0.375), a statistically significant increase in the V-SO 2 with a mean ± SD of 72.24 ± 9.04% (p = 0.010), and a decrease in the A-V SO 2 with a mean ± SD 28.16 ± 10.98 % (p = 0.053). Meanwhile, the AIR group differed from the RP group by slightly higher A-SO 2 of 98.07 ± 1.90% (p = 0.962), higher V-SO 2 of 67.79 ± 6.87% (p = 0.081) and by a lower A-V SO 2 of 30.29 ± 37.38 % (p = 0.092; Table 2 ), which however did not reach statistically significant levels.
Thus, a novel finding in the present study is that both, the AIR and AIR-RP groups, differed from the RP group with AIR and AIR-RP eyes showing slightly higher A-SO 2 and V-SO 2 values and lower A-V SO 2 values, when compared to the RP group.
Comparison between AIR-RP and AIR subgroups
The subgroup comparison showed that the AIR-RP subgroup tended to have higher A-SO 2 and V-SO 2 values than the AIR group, but slightly lower A-V SO 2 values (Fig. 2) , however not reaching statistically significant values.
Retinal vessel diameter results
Comparison with healthy control eyes
Basically, AIR patients (isolated AIR, as well as AIR-RP) showed more attenuated vessel diameters (both, the D-A and the D-V), when compared to controls. Evaluated in subgroups, patients with AIR and AIR-RP differed from controls by D-A. Both subgroups showed a trend for arteriolar diameter attenuation with the mean values of 79.09 ± 7.56 μm (p = 0.053) and 75.40 ± 3.14 μm (p = 0.025), respectively, when compared to 88.40 ± 10.64 In order to exclude the effect of age on the evaluated data, the age dependency was included in our linear mixed-effect model, as well. In our study, age showed no significant influence neither for oxygen saturation levels (p > 0.90), nor for retinal vessel diameter measurements (p > 0.47).
Discussion
AIR encompasses a spectrum of rare autoimmune diseases, which may masquerade a progressive relapsing RP. Careful evaluation for positive history of preexisting cancerosis, melanoma, or lymphoma should be performed in the presence of newly reported central vision-, or visual field deterioration in order to rule out a paraneoplastic retinopathy. The clinical, electrophysiological, and immunological heterogeneity of the disease usually results in a delay of the diagnosis and thus, in irreversible vision loss, even if the treatment is necessitated. The precise triggers that lead to a sudden autoimmune attack on retinal proteins are still under investigation [17] [18] [19] [20] .
Alterations in metabolic function in patients with progressive outer receptor degeneration have been described before [10, 11, 14, 15, 30, 31] . In patients with AIR, the cross-reaction between antigens expressed by the underlying tumor and retinal proteins, is presumed to initiate photoreceptor cell death with further tissue remodeling-a process that shares similar features with RP. Therefore, in analogy to the studies cited above on oxygen saturation in inherited retinal diseases, it could be assumed that patients suffering from AIR may also suffer from metabolic dysfunction. Nevertheless, the effect of the autoimmune disease on metabolic retinal function has not been studied yet. Furthermore, given the fact that RP is a quite frequent entity with a prevalence of 1:2500 to 1:7000 [32] one would expect a superposition and relapsing photoreceptor loss in the presence of AIR.
Thus, we aimed to investigate on both: weather patients suffering from AIR and AIR-RP could be differentiated not only from controls, but also from patients suffering from isolated RP, and also to what extend the AIR and AIR-RP subgroups differ from each other.
A novel finding in our study is that patients with AIR and those with combined RP and AIR suffer from metabolic dysfunction. Both subgroups could clearly be differentiated from controls by increased V-SO 2 value (p < 0.001) and reduced A-V SO 2 (p < 0.025). In analogy, taking results of previous studies on patients suffering from rod-cone dystrophy into account, showed also a significant increase in V-SO 2 and a significant decrease in A-V SO 2 [9-12, 14, 15] . These findings are explained in part as a result of the loss of oxygen-consuming photoreceptors [7] , increased tissue oxygen tension toward the inner retina [33] , and the resulting secondary increase of the extracellular oxygen levels in the inner retina [34] [35] [36] . Since AIR-in analogy to rod-cone dystrophy-is associated with rod and cone dysfunction due to the presence of antiretinal anti-photoreceptor cell and anti-ganglion cell antibodies [37, 38] a comparable pathophysiological mechanism in terms of metabolic dysfunction could be assumed.
Basically, autoimmune antiretinal antibodies are discussed to play a pathologic role both in RP and in AIR [28] . As both clinical entities share similar clinical features, and taking RP as a simple model for progressive outer receptor degeneration, it could be assumed that RP and AIR may present also similar metabolic alterations-a hypothesis now confirmed in the present study. Moreover, we noted that patients suffering from combined AIP-RP showed severely impaired metabolic function than those suffering from isolated AIR. Hence, patients with AIR-RP showed significantly higher V-SO 2 values, when compared to patients with isolated RP (p < 0.01). In daily clinical practice the diagnosis of AIR needs to be taken into consideration in case of recently occurred and progressive visual deterioration, flickering scotomas, visual field defects, especially in the presence of progressive retinal vessel attenuation combined with scotopic negative ERGs and reduced on-off ERGs [17, 23] . However, as exemplified in our patients 4 and 5, in the presence of underlying RP, the diagnosis of an overlapping AIR could simply be overlooked. Based on our results, AIR-RP eyes seem to present with even worse progression of photoreceptor dysfunction-a finding which explains higher venular vessel saturation, when compared to those with isolated RP. Thus, our results seem to be not that promising in differentiating between RP patients from AIR, but very helpful when a relapse of the RP degenerative process, or an overlapping AIR in the presence of underlying RP, are suspected. Hence, RO seems to be a promising diagnostic tool.
Attenuation of retinal vessels is a typical clinical finding in eyes with AIR [17] . In agreement, we found a significant attenuation of venular vessel diameter (D-V) in eyes with AIR, as well as in eyes with combined AIR-RP, when compared to healthy controls (p < 0.003). Even more, eyes with combined AIR-RP presented with significantly narrower retinal arterioles (p < 0.002). Several possible mechanisms in regard to vascular attenuation in AIR and in AIR-RP have already been supposed in the literature, as: due to tissue remodelling following photoreceptor cells death; due to secondary small and medium-sized blood vessels vasculitis, as well as due to endothelial inflammation, fibrinoid necrosis, lymphoproliferation and immune-complex-binding as part of paraneoplastic syndrome [39, 40] . Our study could show that tissue remodelling in eyes with AIR and AIR-RP is at least as severe as in eyes suffering from RP.
As already mentioned above, patients suffering from combined AIP-RP showed severely impaired metabolic function, as those suffering from isolated AIR. With this finding for the first time a cumulative effect for eyes suffering from both, RP and AIR, when compared to those with isolated AIR or isolated RP, could be shown. Therefore, RO may support the differentiation between isolated and combined presentations of retinal diseases.
Limitations of our study include the small number of observed eyes suffering from isolated AIR and combined AIR-RP. However, since AIR is a very rare entity, it is very difficult to enroll a large number of patients. Nevertheless, even with a small number of observations (ten eyes suffering from AIR) a significant difference in retinal oxygen saturation could be detected, when compared to both, healthy controls and eyes suffering from RP. In order to confirm the presented results in a larger cohort further prospective, randomized multicenter studies with higher number of cases are needed in the future.
In conclusion, our results indicate that oxygen metabolism is altered in AIR patients. Therefore, RO might be a valuable tool in monitoring disease progression and evaluating potential therapeutic responses in the future.
Summary
What was known before
•
Patients with RP present with significant changes in the retinal oxygen saturation-a phenomenon that can be used as a diagnostic hallmark in daily clinical practice.
What this study adds
• Isolated AIR presents with similar findings in retinal oxygen saturation as RP patients.
• Combined presentations of patients suffering from both, AIR and RP, show a cumulative effect with even more severe changes in retinal oxygen saturation.
• Thus, RO might serve as a useful tool to support the diagnosis of AIR, respectively of AIR-RP.
